Background
Introduction
Attention deficit hyperactivity disorder (ADHD) and autistic spectrum disorder (ASD) are neurodevelopmental disorders that impact quality of life and have significant psychiatric comorbidities [1, 2] . ADHD is estimated to affect 5.29% of children globally [3] . The 2014 US National Health Statistics Report indicated an overall 2.24% prevalence of ASD, nearly doubled from 1.25% annual prevalence identified by 2011-13 data [4] . Although the underlying etiology is unknown, these disorders have a genetic component [5, 6] which may be exacerbated by environmental factors including industrial and environmental chemicals [7, 8] , a western style diet [9] [10] [11] , and perinatal influences [12] . Recent evidence suggests that the gut microbiota [13] and bowel dysfunction may play contributing roles.
ADHD is characterized by age-inappropriate levels of inattention, impulsivity and hyperactivity to a degree that impacts on day-to-day functioning. Children with ADHD are often restless and can have difficulties following instructions. Symptoms persist across different settings (e.g. school and home) [14] . ASD is a pervasive developmental disorder (PDD) that includes the former diagnostic labels of autistic disorder, Asperger's disorder, childhood integrative disorder, and PDD not otherwise specified. ASD is characterised by communication deficits and difficulty with social interactions. Symptoms may include overdependence on routines, restricted and/or repetitive behaviours and interests, and hyper-or hypo-sensitivity to the surrounding environment [14] .
Medications are the most common treatment approach for neurodevelopmental disorders. Often they can be efficacious in treating symptoms but can have unacceptable adverse side effects in the short and long term [15] [16] [17] [18] [19] . There has been growing interest in the role of nutrition in ADHD and/or ASD, with increasing evidence to support a possible role of nutritional factors in the development, treatment and prevention of these neurodevelopmental disorders -particularly omega-3 polyunsaturated fatty acids (n-3 PUFAs) [20] [21] [22] [23] [24] .
The central nervous system is rich in n-3 and omega 6 (n-6) PUFAs [25] , in particular, the n-3 PUFA docosahexaenoic acid (DHA) and to a lesser extent n-6 PUFA arachidonic acid (AA). DHA is highly active in the retina and in synapses, where it modulates the synthesis, transport and release of neurotransmitters. DHA also plays a primary role in neurite growth, membrane fluidity, neurotransmission, endothelial function, neuronal survival and attenuating neurodegeneration [25] . PUFAs cannot be manufactured by humans and must be obtained through dietary sources [26] . However dietary intake of n-3 PUFAs has declined and the estimated ratio of n-6 to n-3 PUFAs has risen from 1:1 in traditional diets to around 16:1 in western diets. This is of concern as dietary PUFAs from plant sources compete for the same enzymes for elongation and desaturation to long-chain PUFAs. Hence excess n-6 PUFAs may displace n-3 PUFAs in cellular membranes. The altered ratio may result in increased inflammation, thrombosis and vasoconstriction (hence blood flow) due to opposing properties of n-6 and n-3 derived eicosaoids from arachidonic acid (AA) and eicosapentaenoic acid (EPA), respectively [27] . This has implications for mental illness which has inflammation and reduced cerebral blood flow as part of its pathology [28] .
A recent meta-analysis of 9 studies (N = 586) found that children with ADHD had lower overall blood n-3 PUFA levels than controls, in particular DHA [29] . Some, but not all studies also reported higher levels of n-6 PUFA arachidonic acid (AA) and/or higher ratio of n-6 to n-3 PUFA [30] [31] [32] and one conversely reported lower AA in children with ADHD [31] . Despite some methodological issues and inconsistencies, research suggests that children with ADHD benefit from supplementation with n-3 PUFAs [24] . Part of this benefit may be attributable to lowering the n-6/n-3 ratio. One study in children with ADHD showed consistent associations between increased n-3 PUFAs (particularly DHA) decreased AA, n-6 PUFAs and n-6/n-3 ratio and improved cognitive and behavioural outcomes [33] .
There is also evidence for lower n-3 PUFA levels in children with autism although results are conflicting [34] [35] [36] [37] [38] . This study aimed to compare erythrocyte PUFA levels in children with ADHD, ASD and typically developing controls, and to investigate correlations between PUFA levels and respective symptoms. We hypothesised that children with ADHD and ASD would have lower EPA and DHA, higher AA, higher AA/EPA ratio and lower n-3/n-6 PUFA ratio than controls and that these PUFAs would correlate with poorer cognitive and behavioural symptoms.
Methods

Participants
The study included N = 565 children with ADHD (n = 401) or ASD (n = 85) and typically developing controls (n = 79) aged between 3 and 17 years (M = 8.42 ± 3.53). Details on age and gender broken down by group are provided in Table 1 . Children with ASD were significantly younger than those with ADHD (P < 0.001) and controls (P < 0.001) while those with ADHD and controls did not differ (P = 0.132). There were no significant differences in gender between the groups (P = 0.667-0.885). Many of the children with ADHD and none of the children with ASD were on stimulant medication. Participants who had taken any nutritional supplement during the previous year were excluded. As part of normal client intake at BNC, parents and/or guardians of each child are asked to sign an informed consent form informing them of their rights to privacy and the BNC's obligations to mandatory reporting, and inviting them to either agree or disagree to have the de-identified results of psychological assessments and medical tests including results of blood tests stored and used for future research purposes. It was very rare, estimated at less than one in a hundred, that parents and/or guardians declined to participate. The data from those children and others for whom a signed consent form could not be found were excluded from the study. Also excluded were data from children with known genetic abnormalities, which may have confounded results. Inclusion criteria for the typically developing control group were no parent-reported academic or behavioural concerns, confirmed by a clinical interview with JD to ensure they did not meet the criteria for any childhood disorders from the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), and non-clinical scores on the ADHD scale that was used in the study (described below; results presented in Table 1 ).
Tools
The following questionnaires and tests were undertaken by participating parents and children.
Tests of Variables of Attention (TOVA) version 7. The Tests of Variables of Attention are continuous performance tests used to assess attention and impulsivity and can be useful as part of a diagnostic assessment and for detecting treatment effects. They are non-verbal computerized tests with negligible practice effects [39] and have robust internal consistency [40] . Scores are derived for errors of omission, errors of commission, response time and response time variability. For more information about the test see Llorente et al [40] . A score of less than -1.80 is considered indicative of ADHD whereas scores >1 are considered 'normal'. In this study the TOVA was administered to the ADHD and control samples.
Australian Twin Behaviour Rating Scale (ATBRS). The ATBRS was developed and validated for a large-scale Australian twin study by Levy et al. [41] . The questions are based on the DSM version III-R of mental disorders. Twenty items are rated in terms of their occurrence on a scale of 0-3 whereby 0 = not at all and 3 = very much/very often to provide a total score. The scale has high internal reliability (alpha = .86) and was validated against diagnostic interviews, showing good agreement-if anything parents were more conservative with their rating of symptoms in a questionnaire than in a structured interview.
Childhood Autism Rating Scale (CARS). The Childhood Autism Rating Scale (CARS) was developed to improve on previous classifications of children with autism. It is comprised of 15 scales measuring: Impairment in human relationships, Imitation, Inappropriate affect, Bizarre use of body movement and persistence of stereotypes, Peculiarities in relating to nonhuman objects, Resistance to environmental change, Peculiarities of visual responsiveness, Peculiarities of auditory responsiveness, Near receptor responsiveness, Anxiety reaction, Verbal communication, Nonverbal communication, Activity level, Intellectual functioning and General impressions. Each scale is scored on a continuum from normal (1) to severely abnormal (4), taking development for age level into consideration. These are summed to provide a total CARS score with a possible range from 15-60 whereby higher scores indicate higher degree of symptoms. The score has good internal consistency (reliability coefficient alpha = .94) and good construct validity as assessed by correlations with clinician ratings (r = .84, P < 0.001) [42] . In this study it was administered to the ASD sample.
Fatty acid analysis
As part of the screening for nutrient deficiencies, clients were sent to Healthscope Pathology, a commercial Pathology Laboratory, for blood collection. Five milliliters of venous blood were collected in a Lithium Heparin tube, stored at room temperature and sent to the laboratory on the same day by courier, to be processed within two days of collection. Fatty acids were extracted from saline washed packed red cells, esterified and analysed by capillary gas chromatography, with flame ionization detection. Individual red cell fatty acids were reported as relative percentage of the total red cell fatty acids assayed [43] . Fatty acids that were available and investigated in these analyses were AA, EPA, DHA, AA/EPA ratio and total n-3/n-6 ratio.
Statistical methods
Analyses were conducted using SPSS version 21. Means and standard deviations were computed and normal distribution assumptions were checked to ensure the validity of statistical tests. There were no missing data. Chi-square test was used to compare groups by gender composition. One-way analysis of variance (ANOVA) was performed with Tukey post-hoc analysis to compare groups with respect to age, test scores and PUFA levels. Pearson's correlations were used to investigate associations between PUFA levels and scores for ADHD, TOVA and CARS. The significance level was set at the usual alpha = 5%.
Results
Descriptive variables are presented in Table 1 including mean scores for the ADHD scale, TOVA and the CARS. As expected, children with ADHD had significantly higher scores on the ADHD scale and lower scores on the TOVA than controls. PUFA levels and comparisons between groups are provided in Table 2 and visually displayed in Figs 2-4. As predicted, children with ADHD and ASD had lower erythrocyte DHA, lower EPA, lower AA, higher AA/ EPA and lower n-3/n-6 ratio than controls. Children with ASD had lower DHA, EPA and AA and higher n-3/n-6 ratio than children with ADHD.
Correlations showed no significant relationship between age and scores on the ADHD/ TOVA or CARS scales. Correlations between PUFAs and scores on the TOVA and CARS are shown in Table 3 . As expected, lower DHA, EPA and ratio of n-3/n-6 PUFAs and higher ratio of AA/EPA were associated with higher ADHD scores in the sample of children with ADHD and controls, while higher DHA, EPA, AA and n3/n-6 ratio and lower AA/EPA ratio were associated with higher TOVA scores. Also consistent with hypotheses, in the children with ASD, lower EPA, DHA and AA were associated with higher CARS scores. Figs 5 and 6 show the scatterplots for the correlations between DHA and the TOVA and ADHD scores, respectively.
Discussion
This study found lower levels of n-3 PUFAs EPA and DHA in children with ADHD and ASD compared with typically developing controls. As expected, lower levels of DHA, EPA and n-3/ n-6 ratio and higher AA/EPA ratio were correlated with greater severity of symptoms. The lower levels of EPA and DHA are consistent with other reports [29, [34] [35] [36] [37] [38] 44] . Previous studies reported levels of erythrocyte DHA between 1.35% and 5.70% of cell membranes in children with ADHD compared with 2.08% to 5.83% for controls [30] [31] [32] [45] [46] [47] and when the studies were pooled, the mean difference between children with ADHD and controls was significant [29] . The pooled effect size was largest for DHA, suggesting that this PUFA was responsible for the overall difference in n-3 PUFA levels between children with ADHD and controls [29] . Levels of DHA in our study were 2.28% for children with ADHD, 0.85% for ASD and 4.72% for controls. The DOLAB study reported DHA levels of 1.9% and EPA 0.55% in UK school children who were underperforming in reading, although these samples were analysed in whole blood taken via finger prick so comparability may not be precise [48] . However they similarly reported correlations between lower DHA and poorer reading and ADHD-type behaviours. In children with autism, Bell et al. [36] reported DHA levels of 4.8% and 4.7% in children with classical autism/Asperger's (n = 11) and regressive autism (n = 18), respectively, and 4.9% in non-aged matched controls (n = 55), which were not significantly different. However total n-3 PUFA and EPA levels were significantly lower in the autism groups compared with controls. Table 2 . Erythrocyte PUFA levels in children with ADHD (n = 401), ASD (n = 85) and controls (n = 79) as % of fatty acids, and comparisons between groups using one-way ANOVA and Tukey's HSD post-hoc analyses. Brigandi et al. reported DHA levels of 1.4% in erythrocyte membranes in children with autism compared to 1.76% in controls [49] . The DHA levels of 0.85% in our ASD sample is extremely low, particularly in comparison to 4.72% DHA in the control group. According to the omega-3 index [50] , levels of EPA + DHA under 4% confer greater risk of mortality from cardiovascular disease while levels of 8-12% provide the greatest protection. The omega-3 index in our study was 3.17% for children with ADHD and 1.41% for children with ASD compared with 6.51% for controls. Given that the omega-3 index is derived from erythrocyte membranes as a relative percentage of fatty acids rather than an absolute figure, it is unlikely to differ notably in children; therefore this is of concern for cardiovascular disease risk. A similar concern was raised by Montgomery et al. in relation to low omega-3 index levels in children from European countries [48] . Furthermore, although an omega-3 index for mental illness has not, to our knowledge, yet been established [44] , these low levels may have significant implications also for mental health. It is possible that low n-3 PUFA levels contribute to common biological mechanisms underlying the psychiatric comorbidity between ADHD and ASD [51] and other psychiatric conditions [23, 28, 52] .
The correlations between EPA and DHA and performance on the TOVA adds to a growing body of studies reporting improved sustained attention, particularly in relation to DHA, in ADHD [53] [54] [55] [56] . Attention appears to be a core feature of neurodevelopmental disorders and may be a common factor in their high rate of comorbidities, particularly with learning disorders. Improved reading and ADHD-type symptoms have been found in children who do not have a diagnosis of ADHD following treatment with EPA plus DHA or DHA [57, 58] . Given that the diagnosis of ADHD is arbitrary, and symptoms occur on a continuum [41] , these findings support a symptomatic rather than diagnostic approach to n-3 PUFA supplementation for learning and behaviour in children.
A number of studies in children with ADHD with and without comorbidities have reported improved symptoms with a supplement containing a 3/1 ratio of EPA/DHA (e.g. [58, 59, 60] ), leading to conclusions in a meta-analysis that EPA has stronger effects than DHA [61] . However there are a number of methodological considerations that might have contributed to differences between studies, outlined elsewhere [24, 62] . Furthermore, these studies didn't take blood samples so it is unclear the degree to which EPA and/or DHA contributed to improvements. Since this meta-analysis a study by Milte et al. reported lower DHA levels in children with ADHD and learning difficulties compared to children who did not have learning difficulties [63] . Children were then supplemented with high DHA, high EPA or omega-6 (linoleic acid) control and erythrocyte blood samples were taken [33, 64] . Results showed that increased EPA and DHA were associated with improved cognition and behaviour, and these associations were strongest for DHA. The DOLAB study gave school children whose reading performance was in the lowest 33 rd centile a pure DHA supplement and reported improved parent-rated ADHD-type symptoms and reading in children whose initial reading performance was in the lowest 20 th centile [57] . In the present study correlations between DHA and all psychological outcome measures were notably stronger than for EPA, also supporting the role of DHA in neurodevelopmental disorders. Future studies should therefore consider DHA supplementation combined with EPA and take blood samples where possible to further explore the differential benefits of these n-3 PUFAs. Contrary to expectations, the present study found lower levels of AA in children with ADHD and particularly ASD compared with controls and small significant correlations between lower AA and poorer scores on the TOVA in children with ADHD and the CARS for children with ASD. However, we found that the ratio of AA to EPA (both eicosanoid-producing PUFAs [26, 28] ) was higher in children with ADHD and ASD than controls. The AA/EPA ratio was associated with poorer outcomes for the ADHD and TOVA scores but not CARS scores. Other studies have reported higher AA/EPA or n-6/n-3 ratios in children with ADHD compared with controls [30] [31] [32] 45] even with inconsistencies in absolute AA values. The children with ASD had a higher total n-3/n-6 ratio than the children with ADHD, although lower than controls, which may be an artefact of their very low levels of both n-3 and n-6 PUFAs. We did not measure dietary PUFA intake in this study. In other studies there have been variable reports regarding dietary n-3 PUFA intake in children with ADHD; some report no difference whereas others report lower intake [29] and one reported higher intake compared with a national sample [65] . In children with autism it is generally thought that dietary intake is reduced due to restricted food preferences although there is limited evidence to support this [66] . A recent study also found lower levels of both DHA and AA in children with ASD. Importantly, they reported that AA metabolite prostaglandin E2 (PGE2) was higher compared to controls and suggested that the lower PUFA levels may be a result of abnormal lipid Omega-3 and Omega-6 Levels in Children with ADHD, ASD and Controls metabolism [49] . This observation supports previous suggestions that children with neurodevelopmental disorders may have a problem with PUFA metabolism such as increased oxidation of lipid membranes, decreased peroxisomal activity, or overactive removal of fatty acids from membranes by phospholipase A2 [35, 67, 68] .
Another explanation could involve the influence of gut microbiota on PUFA uptake and metabolism. Dietary supplementation with Bifidobacteria has been shown to increase tissue levels of EPA and DHA in mice, and dietary supplementation with parent n-3 PUFA alpha-linolenic acid (ALA) combined with Bifidobacterium breve resulted in higher liver EPA and brain DHA levels [69] . Gut endothelial barrier integrity may also be enhanced by the PUFAs dihomog-linolenic acid (DGLA), AA, EPA and DHA [70] . This is particularly interesting in light of a recent study that randomised 75 infants to probiotics or placebo and reported at 13-year follow up zero cases of ADHD or Asperger syndrome in the probiotic group versus 17.1% cases in the placebo group. These authors further reported lower numbers of Bifidobacterium species bacteria in the faeces of children who developed the neurodevelopmental disorders than healthy children during the first 3 months of life and lower Lactobacillus-Enterococcus group bacteria and Bacteroides at 6 months [13] . Could some of this effect have been mediated by improved lipid profiles?
This cross-sectional study is the largest of its kind, supporting previous work that showed low n-3 PUFA levels, particularly DHA, in children with neurodevelopmental disorders. Furthermore, our study shows strong correlations with symptoms. Results are likely to be more generalisable than the few smaller studies that have been conducted, and the low levels of both DHA and AA in children with ASD supports a recent, larger study in this population [49] . We are unable to determine from our data whether children with neurodevelopmental disorders have poorer diets leading to low n-3 PUFAs and high n-6/n-3 PUFA ratio or whether these are contributing to their symptoms. The structural and functional roles of PUFAs in neuronal membranes support underlying biological mechanisms and a growing body of research evidence suggests that supplementation can assist with symptoms in children with ADHD [24] and other psychiatric disorders [62] . Future work should further explore fatty acid metabolism in neurodevelopmental disorders, the role of the gut microbiota, and predictors of response to treatment. Altered fatty acid metabolism may be particularly pertinent to children with ASD; the low levels of both n-3 and n-6 PUFA in these children require further exploration.
